The influence of pressure on the phase stabilities of Ti 1−x Al x N solid solutions has been studied using first principles calculations. We find that the application of hydrostatic pressure enhances the tendency for isostructural decomposition, including spinodal decomposition. The effect originates in the gradual pressure stabilization of cubic AlN with respect to the wurtzite structure and an increased isostructural cubic mixing enthalpy with increased pressure. The influence is sufficiently strong in the composition-temperature interval corresponding to a shoulder of the spinodal line that it could impact the stability of the material at pressures achievable in the tool-work piece contact during cutting operations. © 2009 American Institute of Physics. ͓doi:10.1063/1.3256196͔
TiAlN is widely used as hard protective coating in cutting tool applications. The cubic B1 Ti 1−x Al x N solid solutions have been found to have superior properties as compared to TiN coatings especially in high temperature applications. 1 One main reason behind the success is the retained or even increased hardness of the material at temperatures up to around 1273 K. [2] [3] [4] This age hardening was explained through a mechanism of coherent isostructural decomposition such as spinodal decomposition of the metastable solid solutions into cubic Al-and Ti-enriched Ti 1−x Al x N domains. 2, 5, 6 The presence of such decomposition behavior was later confirmed theoretically by means of firstprinciples calculations revealing an electronic structure origin as the main driving force for decomposition. 7 Since then several subsequent studies have highlighted different aspects of importance for the understanding of this materials system, such as the influence of nitrogen off-stoichiometry, 8 the importance of an accurate modeling of the disordered distribution of Ti and Al atoms on the metal sublattice, 9 and domain growth behavior. 10 Although the effect of temperature on the phase stability and performance of Ti 1−x Al x N coatings has attracted much attention, the effect of pressure has this far been neglected. This is so even though it is known that application of high pressure enhances opportunities for materials design, and that the applied force of a cutting tool against the work piece, together with the minimal contact area, gives rise to stress or pressure levels of several GPa at the cutting edge.
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In this work, we model the pressure effect by considering the impact of hydrostatic pressure on the phase stabilities of the Ti 1−x Al x N system theoretically using first-principles density functional theory. We model the solid solutions in the cubic rock salt and hexagonal wurtzite structures using the special quasirandom structures method 7, 12 which allows us to directly monitor the effect of pressure on the energetics and thermodynamics of the solution phases including the effect of local lattice relaxations. The cubic system was considered over the entire concentration range while the hexagonal system was studied for 0.75Յ x Յ 1.00. All calculations were performed using the projector augmented wave method 13 as implemented in the Vienna ab initio simulation package. 14, 15 The exchange-correlation effects were modeled using the generalized gradient approximation. 16 The equation of states for all systems was derived from a fitting of a modified Morse function 17 to the calculated energy values. The starting point of our analysis is the mixing enthalpies of the cubic and hexagonal solid solutions as a function of pressure and composition. The panel ͑a͒ of Fig. 1 shows the mixing enthalpies with respect to cubic TiN and hexagonal AlN at ambient pressure, as well as at 5 and 10 GPa. The gradual stabilization of the cubic phase in the AlN rich region by pressure is clearly seen from a decrease in the mixing enthalpy. The calculated equilibrium transition pressure of pure AlN at 0 K is 12.9 GPa which is identical to the calculated value in Ref. 18 . This is in line with the experimental findings in Ref. 19 that the structural transition starts at 14-16.5 GPa and that the rock salt structure is metastable at ambient conditions. The crossing point of the enthalpies of the cubic and hexagonal phases shifts from x = 0.71 at 0 GPa ͑Ref. 20͒ to x = 0.83 at 5 GPa and x = 0.94 at 10 GPa. This a͒ Electronic mail: bjoal@ifm.liu.se. Based on these mixing enthalpies derived at different pressures, we construct the isostructural phase diagrams in Fig. 2 using the pressure independent mean field contribution for configurational entropy and temperature effects. The common tangent construction is used to derive the binodal lines while the condition ‫ץ͑‬ 2 G / ‫ץ‬x 2 ͒ = 0 is used to define the spinodal line. As in Ref. 7 , a fifth order polynomial fit to the calculated enthalpies is used in order to stabilize the numerical differentiation. The cubic isostructural phase diagram is of relevance when analyzing possible coherent decomposition, including spinodal decomposition, from a metastable cubic solid solution formed during thin film growth of Ti 1−x Al x N with x Ͻ 0.70. Furthermore, at pressures above the transition from wurtzite to rock salt AlN, the system is actually isostructural in equilibrium. The effect of small pressures on the average appearance of the phase diagram is not large. This is in line with textbook formulations that the effect of pressure on phase diagrams is expected to be small. However, due to the asymmetry of the mixing enthalpies, the spinodal lines show a distinct shoulder at compositions just below x = 0.50. At this specific composition and temperature interval also relatively small pressures can substantially increase the spinodal region at a given temperature. The inset in Fig. 2 shows this effect. For instance, going from ambient pressure to 5 GPa extends the spinodal region on the Ti-rich side from x = 0.36 to x = 0.32 at 2250 K. Here one should keep in mind that the mean field approximation for temperature effects is a qualitative method and that critical temperatures are typically overestimated due to the neglect of short range order or clustering effects. However, the qualitative shape of the phase diagram should be well described since its physical origin comes from the electronic structure variation with alloy composition, as shown in Refs. 7 and 9.
This means that the tendency for spinodal decomposition, shown to exist in ambient pressure thermal annealing experiments, 5, 21 should actually be even more pronounced under real cutting tools operations due to the presence of compressive stress in the critical region of the coating.
To understand the origin of the pressure effects on the mixing enthalpies and the phase diagram we note that the pressure derivative of the Gibb's free energy at fixed temperature
Analyzing instead the free energy of mixing
we find
where
This is the difference of the volume of the solid solution compared to a linear interpolation between the volumes of the components. In the nonisostructural case it is obvious that the pressure derivative of the free energy of the cubic solid solutions will be negative since its volume is compared with the mixture of TiN and the large volume h-AlN and thus ⌬V Ͻ 0. In the isostructural case on the other hand the trend is reversed. It has been established that there is a positive deviation from Vegard's rule in this system 7 as well as in the related systems Cr 1−x Al x N, Sc 1−x Al x N, and Hf 1−x Al x N. 20 Such a behavior results in ⌬V Ͼ 0 at ambient pressure, and thus it is directly related to the increasing tendency for decomposition, at least at relatively low pressures.
Since ⌬V in Eq. ͑4͒ is pressure dependent the trends could change with increasing pressure. In Fig. 3 the calculated volumes of the cubic solid solutions are plotted for 0, 10, and 20 GPa. The system exhibits ⌬V͑p͒ Ͼ 0 for all compositions and pressures considered. However a small gradual decrease in ⌬V is present indicating a possible saturation of the predicted impact on phase stability at high pressures.
Since Eqs. ͑1͒-͑4͒ are not limited to the mean field approximation, we conclude that the only term effecting ͑‫ץ‬G / ‫ץ‬p͒ T neglected in this work is the change in volume with temperature, i.e., thermal expansion. Further more, an exact derivation of ͑‫⌬ץ‬G / ‫ץ‬p͒ T would only be different from our approximation if there is a deviation from a Vegard's rule type dependence of the thermal expansion in this system.
In conclusion, we have calculated mixing enthalpies of the TiAlN system as a function of pressure and constructed the binodal and spinodal lines of the cubic isostructural phase diagram using the mean field approximation. We find that even relatively small pressures promote coherent isostructural decomposition. This is explained through the suppression of the formation of the incoherent hexagonal phases as well as an increased tendency for spinodal decomposition into cubic AlN and TiN rich regions upon hydrostatic compression. Both effects can be understood from the deviations of the solid solution volume from Vegard's rule. We conclude that the beneficial age hardening mechanism observed in Ti 1−x Al x N coatings in ambient pressure, thermal annealing experiments should be even more pronounced in real cutting operations due to pressure effects. These qualitative observations motivate further experimental and theoretical investigations. 
